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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
Portable machine tools are designed to reduce costs and resources necessary to perform dedicated tasks, such as milling of large components like 
wind turbine hubs. Such machines however lack in performance (e.g. stiffness, accuracy, thermal stability) with respect to conventional machine 
tools nd may require compensation strategies to guarantee adequate accuracy. An offline compensation methodology, involving tool trajectory 
modification, based on the calculation of tool center point displacements from prediction of cutting forces and static stiffness characterization 
was implement d on a p rtable machine tool. The offline compensation was validated thr ugh a posteriori comparison with the nominal cutting 
conditions. 
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1. Introduction 
Production and maintenance costs of wind turbines 
represents the majority of the costs for a wind pow r plant [1], 
Together with the increase of turbine efficiency, the reduction 
of these costs represents an hot topic in research nowadays. 
Regarding the production of wind turbine hubs, the introduction 
of portable dedicated machine tools can reduce the costs of 
production and logistics as well as the manufacturing downtime 
[2, 3]. In this context a portable machine tool has been 
developed for machining of wind turbine hubs. The hub 
consists of a large cast iron component with circular flanges 
connecting the rotor blades and the main shaft. The main 
required machining operations of the cast part, to consider in 
the design of the machine tool, are face milling and drilling 
[4].The portable machine tool follows the design principle of 
“small machine in large workpieces” [5]. It consists of a fixed 
frame mounted directly on the hub which connects the moving 
axes and the spindle in a direct coupling fashion [2]. To account 
for the axial symmetry of the flanges to be machined, the 
moving axes consist of a rotary axis (c) which carries two linear 
axes, see Fig.1, generating a cylindrical coordinate system and  
Fig. 1. (a) Drawing of the machine and its supporting frame, indicated also the 
moving axis. (b) View of the machine mounted on the hub in a typical 
working condition. 
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Fig. 3. (a) 3D model of the fixture system, component 1 is the tool-holder, 
component 2 is the cylindrical housing and component 3 is the dynamometer. 
(b) Section view, component 4 is the housing, component 5 is the tool-holder-
shaped part. 
The dynamometer registered the applied force while an 
inductive displacement sensor measured the effective 
displacement of the tool-holder, the latter was used for the 
stiffness calculation. The stiffness measurements were 
conducted using at least six different values of contact force, 
varying from 50 N to 2000 N, for each axis and for each 
direction. 
 
Fig. 4. (a) Schematic representation of the stiffness map as function of the 
machine position on the C-axis. The indicated positions, C1-C4 are the 
positions were the stiffness characterization was carried out. (b) Reference 
system convention used during the stiffness testing and the coordinates of 
each test positions. 
2.2. Machining Tests 
To validate the deflection model and the offline tool-path 
compensation, machining tests on small workpieces were 
carried out. Two separate sets of machining tests were 
performed, the first one aims at validating the model deflection 
prediction, and consequently the machine stiffness 
characterization, while the second one aims at a verification of 
the offline tool-path compensation performance. Cutting 
parameters used in the machining tests to validate the deflection 
prediction, first set of tests as described before, are shown in 
Table 1. A full factorial approach was used with three 
repetitions for each test. Cutting speed was constant at 200 
m/min. Another set of machining tests were performed 
applying the calculated compensated trajectory, accordingly to 
the strategy described above. For these second tests, only one 
set of cutting parameters was used: Ae = 32 mm, Ap = 1.75 mm, 
f = 0.1 mm/tooth and cutting speed V = 300 m/min. Three 
repetitions of the offline compensation tests were carried out. 
Also, for comparison, a single machining test, with the same 
cutting parameters, was conducted without applying the 
trajectory correction. 
Table 1. Cutting parameters used in the machining tests. 
Parameters Value 
Ae [mm] 16, 40 
Ap [mm] 3 
Feed rate [mm/tooth] 0.04, 0.08, 0.12 
The machining setup, composed by workpieces, 
dynamometer and connecting plates was fixed on the hub in a 
convenient location, similarly to the stiffness measurement 
configuration. The test position on the hub was the C2 in 
Figure 4. Linear path climb milling operations were performed 
on workpieces made of the same material of the hub (GJS 400 
18U LT spheroidal ductile cast iron). Dimensional 
measurements of the machined workpieces were performed 
with a Zeiss Prismo CMM. For this purpose, the machined 
surfaces were probed along parallel profiles at several positions 
along the height direction (tool axis direction). The difference 
between measured and nominal dimensions gives an estimation 
of the actual trajectory and the deflection of the tool during 
cutting. To limit the influence of thermal errors during cutting, 
all the dimensional measurements are referred to a reference 
surface on the workpiece, obtained with repeated passes at the 
same nominal position, to remove the tool deflection effect. The 
effective deflection of each test is calculated as difference 
between the average profile coordinate of the test surface and 
the average profile of the reference surface. 
A typical sample geometry is reported in Figure 5. It 
presents a stair-like geometry, one of the steps is always a 
reference surface, as described above, necessary to measure the 
deflection, while the other steps are the result of different 
machining conditions. 
Fig. 5. Graphical representation of a workpiece after machining tests. Each 
sample has a reference surface (blue) and multiple machined surface, each for 
a single machining test (orange and green). 
The positioning errors of the machine are measured locally 
using an indirect method. A reference sample with same 
geometry as the test samples has been completely machined 
with repeated passes, so as to remove the tool deflection 
contribution in all the generated surfaces. The dimensional 
measurement of such sample gives an estimation of the 
2 Author name / Procedia CIRP 00 (2019) 000–000 
a cylindrical working volume. Portable machines built for a 
dedicated task such as the one presented in this paper obey to 
precise specifications regarding volume and weight, to satisfy 
the requirements of portability and flexibility. The principal 
drawback concerns the general loss in the volume production  
capability of the machine, mostly related to a loss in the 
mechanical stiffness characteristics. Problems regarding not 
only the machine efficiency optimization but also the fulfilment  
of tolerance requirements may arise from diminished structural 
rigidity. In this context, cutting forces induced errors on the 
machined part can be of significant impact on the cost balance 
and achievement of tolerance requirements.  
1.1. Tool-path compensation modelling 
Different strategies have been developed to address the 
cutting forces induced errors, one of these approaches is the 
offline tool path compensation [6,9-11]. This technique was 
proved a valuable tool to reduce surface errors generated by 
machine tool deflection. In this approach, the tool path is 
changed based on the prediction of the machine tool deflection 
and relative surface generation error. In the present paper, the 
offline tool path compensation is based on a cutting force 
model, a semi-empirical model developed from Armarego’s 
theories [6], and a machine tool deflection model, based on a 
characterization of the machine stiffness [6, 9]. 
For predicting cutting forces for the spheroidal cast iron, 
which wind turbine hubs are made of, a mechanistic cutting 
force model [7] was employed. It is based on the discretization 
of a generic cutting edge into infinitesimal linear segments, 
each of those considered as an oblique cutting operation [6]. 
The force on each segments can be described as in Eq. (1): 
𝑑𝑑𝑑𝑑 =  𝐾𝐾𝑖𝑖𝑐𝑐 ∗ 𝑑𝑑𝑑𝑑 +  𝐾𝐾𝑖𝑖𝑒𝑒 ∗ 𝑑𝑑𝑑𝑑 (1) 
Where dA is the discretized chip thickness area, engaged by 
each infinitesimal cutting edge, db is the discretized chip width 
and Kic and Kie are respectively the specific cutting force 
coefficients and the edge force coefficients. In previous studies 
a mechanistic modelling approach was proved reliable to 
predict cutting forces for materials prone to chip fragmentation 
such as spheroidal cast iron [7]; therefore, validation of this 
model is not treated in depth in the present paper.  
The cutting-force induced errors are calculated by assuming 
the cantilever beam approximation used in combination with 
the machine-tool stiffness characterization, a schematic 
representation of the model is given in Figure 2. It is assumed 
that the cutting force is acting as a concentrated force at the 
middle point of the axial depth of cut [10]. Variations of the 
cutting force with the angular position along the tool axis are 
neglected because the axial depth of cut was relatively small for 
the tested cases. Hence, the deflection is calculated as follow, 
eq. (2): 
𝑑𝑑 =  
𝐹𝐹
𝐸𝐸∗𝐼𝐼
(
𝐿𝐿∗𝑧𝑧2
2
− 
𝑧𝑧3
6
) +  
𝐹𝐹
𝐾𝐾
 (2) 
 
With d the total machine deflection, F the cutting force, K 
the machine-tool stiffness experimentally measured, E the 
Young’s modulus of the tool material, I the tool inertia 
momentum, L the length of the tool and z the coordinate at 
which the cutting force is applied. 
Fig. 2. Schematic representation of the model used to described the machine-
tool stiffness and to calculate the overall deflection due to the cutting forces. 
The tool path correction is then iteratively calculated, as 
defined by Cho and Seo [9], setting the desired tolerance at 10 
µm. Iteration is necessary as the cutting forces are also 
dependent on the effective tool engagement and in turn on the 
machine-tool deflection. 
A characterization of the machine stiffness is carried out 
experimentally in the machine working volume with the intent 
of realizing a stiffness map. A more detailed description of the 
procedure is found in the next section.  
Tests of linear path machining were conducted to validate 
the deflection predictions, using the machine in real working 
conditions, i.e. mounted on the hub. In the same configuration, 
similar linear path milling tests were also conducted to validate 
the offline tool path compensation approach. 
2. Material and methods 
2.1. Procedure to measure the machine stiffness 
The experimental stiffness characterization of the machine 
was conducted in conditions as similar as possible to the 
working conditions, that is, the machine was mounted on the 
hub in order to machine the blade flange, Figure 1. In this 
configuration, the hub structure and in particular the hub-
machine connections may have a role in the overall deflection, 
therefore to take into account this contribution, a fixture was 
designed to apply the same force to the hub and the machine. 
The fixture is shown in Figure 3 and it consists of a 
dynamometer, a cylindrical housing bolted on it and a tool-
holder-shaped third part that is attached to the machine’s 
spindle. The housing radius and height are larger than the tool 
holder to allow free movement of the latter inside the housing.  
The fixture as it is described was bolted on five different 
regions of the hub blade flange, see Figure 4, and in each of 
these the system stiffness was measured along the three  
principal directions, radial (along the X axis), circumferential 
(along the C axis), and axial (along the Z axis). The force was 
applied by realizing contact between the tool-holder and the 
housing and then applying a known displacement to the tool 
center point. 
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Fig. 3. (a) 3D model of the fixture system, component 1 is the tool-holder, 
component 2 is the cylindrical housing and component 3 is the dynamometer. 
(b) Section view, component 4 is the housing, component 5 is the tool-holder-
shaped part. 
The dynamometer registered the applied force while an 
inductive displacement sensor measured the effective 
displacement of the tool-holder, the latter was used for the 
stiffness calculation. The stiffness measurements were 
conducted using at least six different values of contact force, 
varying from 50 N to 2000 N, for each axis and for each 
direction. 
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machine position on the C-axis. The indicated positions, C1-C4 are the 
positions were the stiffness characterization was carried out. (b) Reference 
system convention used during the stiffness testing and the coordinates of 
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To validate the deflection model and the offline tool-path 
compensation, machining tests on small workpieces were 
carried out. Two separate sets of machining tests were 
performed, the first one aims at validating the model deflection 
prediction, and consequently the machine stiffness 
characterization, while the second one aims at a verification of 
the offline tool-path compensation performance. Cutting 
parameters used in the machining tests to validate the deflection 
prediction, first set of tests as described before, are shown in 
Table 1. A full factorial approach was used with three 
repetitions for each test. Cutting speed was constant at 200 
m/min. Another set of machining tests were performed 
applying the calculated compensated trajectory, accordingly to 
the strategy described above. For these second tests, only one 
set of cutting parameters was used: Ae = 32 mm, Ap = 1.75 mm, 
f = 0.1 mm/tooth and cutting speed V = 300 m/min. Three 
repetitions of the offline compensation tests were carried out. 
Also, for comparison, a single machining test, with the same 
cutting parameters, was conducted without applying the 
trajectory correction. 
Table 1. Cutting parameters used in the machining tests. 
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Ae [mm] 16, 40 
Ap [mm] 3 
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dynamometer and connecting plates was fixed on the hub in a 
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configuration. The test position on the hub was the C2 in 
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on workpieces made of the same material of the hub (GJS 400 
18U LT spheroidal ductile cast iron). Dimensional 
measurements of the machined workpieces were performed 
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along the height direction (tool axis direction). The difference 
between measured and nominal dimensions gives an estimation 
of the actual trajectory and the deflection of the tool during 
cutting. To limit the influence of thermal errors during cutting, 
all the dimensional measurements are referred to a reference 
surface on the workpiece, obtained with repeated passes at the 
same nominal position, to remove the tool deflection effect. The 
effective deflection of each test is calculated as difference 
between the average profile coordinate of the test surface and 
the average profile of the reference surface. 
A typical sample geometry is reported in Figure 5. It 
presents a stair-like geometry, one of the steps is always a 
reference surface, as described above, necessary to measure the 
deflection, while the other steps are the result of different 
machining conditions. 
Fig. 5. Graphical representation of a workpiece after machining tests. Each 
sample has a reference surface (blue) and multiple machined surface, each for 
a single machining test (orange and green). 
The positioning errors of the machine are measured locally 
using an indirect method. A reference sample with same 
geometry as the test samples has been completely machined 
with repeated passes, so as to remove the tool deflection 
contribution in all the generated surfaces. The dimensional 
measurement of such sample gives an estimation of the 
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was conducted in conditions as similar as possible to the 
working conditions, that is, the machine was mounted on the 
hub in order to machine the blade flange, Figure 1. In this 
configuration, the hub structure and in particular the hub-
machine connections may have a role in the overall deflection, 
therefore to take into account this contribution, a fixture was 
designed to apply the same force to the hub and the machine. 
The fixture is shown in Figure 3 and it consists of a 
dynamometer, a cylindrical housing bolted on it and a tool-
holder-shaped third part that is attached to the machine’s 
spindle. The housing radius and height are larger than the tool 
holder to allow free movement of the latter inside the housing.  
The fixture as it is described was bolted on five different 
regions of the hub blade flange, see Figure 4, and in each of 
these the system stiffness was measured along the three  
principal directions, radial (along the X axis), circumferential 
(along the C axis), and axial (along the Z axis). The force was 
applied by realizing contact between the tool-holder and the 
housing and then applying a known displacement to the tool 
center point. 
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values for the compensated tests. In all the three repetitions, a 
reduction of the cutting force induced errors of more than 88 % 
was achieved.  
 
Fig. 7. Comparison between experimentally measured deflection and 
predicted deflection. Ap and cutting speed were kept constant at respectively 
3 mm and 200 m/min. 
 
Fig. 8. Comparison between cutting force induced surface errors when 
compensation is activated or not activated. Negative values of surface error 
mean that the error is in the opposite direction in respect to the expected 
deflection 
 
The standard deviation shown in Figure 7 and 8 are the result 
of the combined effect of the machine repeatability errors and 
the machine parallelism errors between the reference surface 
and the machined surface of each test related to the validation 
of the deflection model and the tool-path compensation. The 
expanded combined uncertainty associated with the deflection 
measurements in Figure 7 and 8 is 31 µm, calculated 
accordingly to [12]. In the calculation are considered the 
machine tool repeatability error, calculated to be 20 µm from 
the reference samples, the CMM maximum permissible error 
from certification and the form error on the part. A confidence 
of 95% was selected to calculate the coverage factor. 
4. Conclusions 
An offline compensation of the tool path for improved 
accuracy was implemented in a mobile, low-rigidity machine 
tool for application in the wind industry. The offline 
compensation was realized using a mechanistic cutting force 
model together with a characterization of the machine stiffness 
in the working volume. The deflection model was successfully 
validated through deflection measurements on linear path 
milling operations, hence the offline compensation was tested 
in similar milling operations. An improvement of accuracy of 
at least 88% was registered in the tested conditions. 
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positioning error during the specific cutting operation. Cutting 
forces were measured with a dynamometer, the Kistler 9139 
model. The cutting tool used was an indexed cutter from 
Sandvik, R390-054Q22-17M, with TiAlN coated inserts. 
Inserts’ geometry was measured with a focus variation 
profilometer, Alicona Infinite Focus, to characterize the cutting 
edge geometry.  
3. Results 
3.1. Stiffness characterization 
In this section, the machine stiffness characterization results 
are presented. Figure 6 shows the force-displacement curve for 
the three different axis in all the positions tested. The X-axis 
and the C-axis present a distinct linear trend while for the Z-
axis the behaviour appears to be close to a quadratic trend.  
It is noted that the rigidity along the X-axis, the C-axis and 
partially also the Z-axis is affected by the position of the X-axis 
itself. In fact, the test positions C1 and C1.2 have a smaller X- 
coordinate (radial coordinate), changing the effective machine 
configuration (different overhang of the machine arm carrying 
the spindle) and consequently the overall stiffness. For the X-
axis the effect becomes significant only for force values above 
approximately 1000 N. For the C-axis a change in the radial 
coordinate has a distinct impact on the circumferential stiffness 
at even low force values. The latter is decreasing from a 
stiffness of 1901 N/µm for the position C1.2, radial coordinate 
of 1347 mm, to a stiffness of 1278 N/µm, for a radial 
coordinate of 1569 mm, for the position C3. 
Regarding the stiffness along the Z-axis, it can be noted that 
the rigidity is the highest as position C1.2, the one with the 
shorter radial coordinate. On top of that, the stiffness appears 
to decrease also moving from position C1 to position C4, that 
is moving from the top region to the bottom region of the hub. 
The latter behaviour is only present for the Z-axis stiffness and 
it is attributed to the geometry of the structure that holds the 
machine and connects it to the hub. 
3.2. Offline compensation 
Validation of the deflection model was carried out with side 
milling operation as previously described. Results of the lateral 
deflection, on the plane orthogonal to the Z-axis, are reported 
in Figure 7. A comparison between the model prediction and 
the measured deflection on the workpiece is shown. It can be 
noted that there is a good agreement between prediction and 
experimental values.  
The model tends to overestimate the machine tool deflection 
for the test cases machined with radial immersion of 40 mm, 
however this overestimation is contained between 40 µm and 
80 µm. The model discrepancy is related mostly to the an 
overestimation of the cutting force, inherited from the data-
fitting approximations contained in the mechanistic cutting 
force model. 
 Tool-path compensation was validated with analogous 
side-milling tests. Figure8, shows a comparison between  
Fig. 6. Force-displacement data for each tested position C1-C4, relative 
respectively to the X-axis (a), the C-axis (b) and the Z-axis (c). 
surface errors realized when the tool-path compensation is used 
or is not used with identical process parameters. The reduction 
in surface error is significant. As the deflection predicted by the 
model is slightly higher than the measured machine-tool 
deflection (red and blue bar) the tool trajectory modification 
realizes an overcompensation, from this derives the negative 
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values for the compensated tests. In all the three repetitions, a 
reduction of the cutting force induced errors of more than 88 % 
was achieved.  
 
Fig. 7. Comparison between experimentally measured deflection and 
predicted deflection. Ap and cutting speed were kept constant at respectively 
3 mm and 200 m/min. 
 
Fig. 8. Comparison between cutting force induced surface errors when 
compensation is activated or not activated. Negative values of surface error 
mean that the error is in the opposite direction in respect to the expected 
deflection 
 
The standard deviation shown in Figure 7 and 8 are the result 
of the combined effect of the machine repeatability errors and 
the machine parallelism errors between the reference surface 
and the machined surface of each test related to the validation 
of the deflection model and the tool-path compensation. The 
expanded combined uncertainty associated with the deflection 
measurements in Figure 7 and 8 is 31 µm, calculated 
accordingly to [12]. In the calculation are considered the 
machine tool repeatability error, calculated to be 20 µm from 
the reference samples, the CMM maximum permissible error 
from certification and the form error on the part. A confidence 
of 95% was selected to calculate the coverage factor. 
4. Conclusions 
An offline compensation of the tool path for improved 
accuracy was implemented in a mobile, low-rigidity machine 
tool for application in the wind industry. The offline 
compensation was realized using a mechanistic cutting force 
model together with a characterization of the machine stiffness 
in the working volume. The deflection model was successfully 
validated through deflection measurements on linear path 
milling operations, hence the offline compensation was tested 
in similar milling operations. An improvement of accuracy of 
at least 88% was registered in the tested conditions. 
5. Acknowledgements 
The research studies presented in this article were carried 
out as part of the Innomill project, in part funded by the 
Innovation Fund Denmark. A special acknowledgement is 
expressed toward Finn and Aage from CNC-Onsite that helped 
greatly in the testing session. 
6. Reference 
[1] Blanco M. I. The economics of wind energy. Renewable and sustainable 
energy reviews 2009;13(6-7):1372-1382. 
[2] Neugebauer R, Wabner M, Rentzsch H, Ihlenfeldt S. Structure 
principles of energy efficient machine tools. CIRP Journal of Manufacturing 
Science and Technology 2011;4(2):136-147. 
[3] Lantz E, Wiser R, Hand M. The Past and Future Cost of Wind Energy; 
NREL/TP-6A20-53510. National Renewable Energy Laboratory, Golden, CO; 
2012. 
[4] Goch G, Knapp W, Härtig F. Precision engineering for wind energy 
systems. CIRP Annals-Manufacturing Technology 2012; 61(2):611-634. 
[5] Uriarte L, et al. Machine tools for large parts. CIRP Annals-
Manufacturing Technology 2013;62(2):731-750. 
[6] Budak E., Altintas Y. Peripheral milling conditions for improved 
dimensional accuracy. Int. J. Mach. Tools Manufacturing 1994;34:907-918. 
[7] Checchi A. et al. A mechanistic model for the prediction of cutting 
forces in the face-milling of ductile spheroidal cast iron components for wind 
industry application. Procedia CIRP 2018;77:231-234. 
[8] W. A. Kline et al. The Prediction of Surface Accuracy in End Milling. 
Transactions of the ASME 1982;104(3):272-278. 
[9] T. Seo, M. Cho, Tool Trajectory Generation Based on Tool Deflection 
Effects In Flat- End Milling Process ( I ). KSME International Journal 
1999;13(10):738-751. 
[10] Rao V. S., Rao P. V. M. Tool deflection compensation in peripheral 
milling of curved geometries. International Journal of Machine Tools & 
Manufacture 2006;46:2036-2043. 
[11] Habibi M. et al., Tool deflection and geometrical error compensation 
by tool path modification. International Journal of Machine Tools and 
Manufacture 2011;51:439-449. 
[12] JCGM100:2008 – GUM, Evaluation of measurement data – Guide to 
expression of uncertainty in measurement. 
 
 
0
100
200
300
400
500
0.02 0.04 0.06 0.08 0.1 0.12 0.14
D
ef
le
ct
io
n 
[µ
m
]
Feed Rate [mm/tooth]
Measured Deflection Ae40 Model Defl. Predict. Ae40
Measured Deflection Ae16 Model Defl. Predict. Ae16
-100
0
100
200
300
400
D
ef
le
ct
io
n 
[µ
m
]
4 Author name / Procedia CIRP 00 (2019) 000–000 
positioning error during the specific cutting operation. Cutting 
forces were measured with a dynamometer, the Kistler 9139 
model. The cutting tool used was an indexed cutter from 
Sandvik, R390-054Q22-17M, with TiAlN coated inserts. 
Inserts’ geometry was measured with a focus variation 
profilometer, Alicona Infinite Focus, to characterize the cutting 
edge geometry.  
3. Results 
3.1. Stiffness characterization 
In this section, the machine stiffness characterization results 
are presented. Figure 6 shows the force-displacement curve for 
the three different axis in all the positions tested. The X-axis 
and the C-axis present a distinct linear trend while for the Z-
axis the behaviour appears to be close to a quadratic trend.  
It is noted that the rigidity along the X-axis, the C-axis and 
partially also the Z-axis is affected by the position of the X-axis 
itself. In fact, the test positions C1 and C1.2 have a smaller X- 
coordinate (radial coordinate), changing the effective machine 
configuration (different overhang of the machine arm carrying 
the spindle) and consequently the overall stiffness. For the X-
axis the effect becomes significant only for force values above 
approximately 1000 N. For the C-axis a change in the radial 
coordinate has a distinct impact on the circumferential stiffness 
at even low force values. The latter is decreasing from a 
stiffness of 1901 N/µm for the position C1.2, radial coordinate 
of 1347 mm, to a stiffness of 1278 N/µm, for a radial 
coordinate of 1569 mm, for the position C3. 
Regarding the stiffness along the Z-axis, it can be noted that 
the rigidity is the highest as position C1.2, the one with the 
shorter radial coordinate. On top of that, the stiffness appears 
to decrease also moving from position C1 to position C4, that 
is moving from the top region to the bottom region of the hub. 
The latter behaviour is only present for the Z-axis stiffness and 
it is attributed to the geometry of the structure that holds the 
machine and connects it to the hub. 
3.2. Offline compensation 
Validation of the deflection model was carried out with side 
milling operation as previously described. Results of the lateral 
deflection, on the plane orthogonal to the Z-axis, are reported 
in Figure 7. A comparison between the model prediction and 
the measured deflection on the workpiece is shown. It can be 
noted that there is a good agreement between prediction and 
experimental values.  
The model tends to overestimate the machine tool deflection 
for the test cases machined with radial immersion of 40 mm, 
however this overestimation is contained between 40 µm and 
80 µm. The model discrepancy is related mostly to the an 
overestimation of the cutting force, inherited from the data-
fitting approximations contained in the mechanistic cutting 
force model. 
 Tool-path compensation was validated with analogous 
side-milling tests. Figure8, shows a comparison between  
Fig. 6. Force-displacement data for each tested position C1-C4, relative 
respectively to the X-axis (a), the C-axis (b) and the Z-axis (c). 
surface errors realized when the tool-path compensation is used 
or is not used with identical process parameters. The reduction 
in surface error is significant. As the deflection predicted by the 
model is slightly higher than the measured machine-tool 
deflection (red and blue bar) the tool trajectory modification 
realizes an overcompensation, from this derives the negative 
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